Clostridium perfringens type A enterotoxin was specifically detected and readily quantified by indirect and four-layer sandwich enzyme-iinked immunosorbent assays (ELISAs). With the indirect ELISA, enterotoxin was detected in quantities of as low as 2.5 ng (25 ng/ml). When the more sensitive sandwich ELISA procedures was used, 100 pg (1 ng/ml) of enterotoxin was detected. The sandwich ELISA procedure specifically detected enterotoxin in human fecal extracts. Additionally, the sandwich ELISA specifically differentiated enterotoxin-positive strains from enterotoxin-negative strains of C. perfringens. Both the indirect and sandwich ELISA procedures described for C. perfringens enterotoxin in this report are rapid, specific, sensitive, and easily adaptable for large-scale use by clinical or research laboratories.
Clostridium perfringens type A is one of the most common causes of food-borne disease in the United States (16) . A protein enterotoxin which is produced only during sporulation has been shown (18) to be the factor responsible for the characteristic disease symptoms (diarrhea and abdominal cramps) associated with C. perfringens food poisoning. C. perfringens enterotoxin has been shown (11) to possess a unique plasma membrane mode of action distinguishable from other enterotoxins.
A number of biological and serological assay systems have been developed for detection and quantitation of C. perfringens enterotoxin (for review, see reference 12) . Currently there is a need for a rapid, simple, and sensitive serological assay for large-scale detection of C. perfringens enterotoxin. Enzyme-linked immunosorbent assay (ELISA) methods potentially satisfy these needs, and ELISAs have been developed for the specific detection of several bacterial toxins, including cholera enterotoxin (8) , Escherichia coli heatlabile enterotoxin (8) , Clostridium botulinum type G toxin (9) , and Clostridium difficile toxin A (10) .
During the preparation of this manuscript, a four-layer sandwich ELISA was reported (15) for the detection of C. perfringens enterotoxin. However, this ELISA procedure requires a minimum test period of 4 days. We now report a rapid sandwich ELISA for the detection of C. perfringens enterotoxin which significantly shortens assay time to less than 24 h but retains significant sensitivity and specificity.
Additionally, we present a rapid indirect ELISA procedure which appears to be useful for the rapid screening of serum or solutions for antitoxin activity. Goat antiserum against highly purified C. perfringens enterotoxin was obtained from K. I. Dayalu, The Pennsylvania State University, University Park, Pa.
Specificity of the antisera against enterotoxin was determined by immunoelectrophoresis (6) . Immunoelectrophoresis of culture supernatant from strain NCTC 8239 (prepared as described below for screening strains for enterotoxin production) versus either rabbit or goat antienterotoxin yielded a single precipitin line. Additionally, immunoelectrophoresis of purified enterotoxin versus mouse antiserum prepared against NCTC 8239 culture supernatant also yielded a single precipitin line.
ELISA. The ELISA protocol of Voller et al. (22) was used with some modifications.
(i) Indirect ELISA procedure. Samples (100 p1 per well) of enterotoxin in phosphate-buffered saline (PBS) were allowed to adsorb to the wells of an Immulon II microtiter plate (Dynatech Laboratories) during overnight incubation in a humid chamber at 4°C. The washing procedure used for both the indirect and sandwich (described below) ELISA procedures involved removing the contents of the wells, filling the wells with 100 ,ul of warm washing buffer (containing 0.85% NaCI, 0.05% Tween below 0.050) included (i) coating the wells with bovine serum albumin (0.1 to 1 ,ug per well) or C. perfringens ot-toxin (Sigma) (0.1 to 1 ptg per well) in place of enterotoxin and (ii) the addition of normal rabbit serum (Cappel Laboratories) in place of rabbit antiserum.
(ii) Four-layer sandwich ELISA procedure. Each well of an Immulon Il enzyme immunoassay plate was coated with 200 pul of goat antitoxin in a 1:100 dilution in carbonate buffer (0.015 M Na2CO3-0.035 M NaHCO3, pH 9.6), and the plates were incubated overnight at 4°C in a humnid chamber. After this incubation, the plates were washed once (as described above for the indirect ELISA), and excess binding sites on the microtiter plate were blocked at 37°C for 30 min with 100 ,ul of 3% bovine serum albumin-1% normal goat serutn (Cappel Laboratories) diluted in PBS per well. The blocking solution was removed from each well, and the wells were washed twice as described above. Samples (100 pul per well) containing enterotoxin diluted in O0.5% Tween 20 in PBS were added to each well, and the plates were incubated at 37°C for 2 h. Each well was washed once before a repetition of the blocking procedure (as described above) for 30 min at 37°C. After the blocking procedure, the plates were washed twice as described above, and 200 pl of rabbit antitoxin (diluted as for the indirect ELISA) were added to each well.
The antitoxin was allowed to react with the bound enterotoxin in the wells for 2 h at 37°C. Each well was then washed three times as described above, followed by the addition of 200 ,ul of conjugate dilutedd as for the indirect ELISA assay) per well. Conjugate was allowed to react with antitoxin for 2 h at 37°C. Finally, after the wells were washed three times as described above, 200 pul of warm substrate (prepared as described above for the indirect ELISA) were added to each well, and the reaction was allowed to progress at 37°C for 30 min. The reaction was terminated by adding 50 pil of 2 M NaOH. Results were read spectrophotometrically at 405 nm. Each sandwich ELISA experiment was performed in triplicate with two wells per sample. Negative controls (OD405 range below 0.050) included coating the wells with normal goat serum (Cappel Laboratories), the addition of bovine serum albumin (0.1 to 1 ,ug per well) or C. perfringens atoxin (0.1 to 1 pg per well) in place of enterotoxin, and the substitution of normal rabbit serum for rabbit antitoxin.
Detection of enterotoxin in fecal specimens. To demonstrate that the sandwich ELISA could detect enterotoxin in fecal material, we added purified enterotoxin to a fecal specimen prepared by a slight modification of the method of Lyerly et al. (10) . Enterotoxin (0.5 to 15 ,ug in 1 ml of PBS-0.05% Tween 20) was added to a fecal specimen (1 g offeces in 9 ml of PBS-0.05% Tween 20) which was negative for enterotoxin when tested by immunodiffusion (19) . The fecal specimen was vortexed well and incubated for 20 min at room temperature. The specimen was then centrifuged (15,000 x g for 30 min at 4°C), and the supernatant fluid was passed through a 0.22-,um EGWP membrane filter (Millipore Corp. (Fig. 1) or sandwich (Fig. 2) ' Enterotoxin-positive and enterotoxin-negative strains were classified previously (3).
terotoxin-negative strains by our sandwich ELISA procedure.
DISCUSSION
For the period from 1976 to 1980, the Centers for Disease Control reported that 7.5% of the outbreaks (involving 15.8% of the affected persons) of food-borne disease in the United States were due to C. perfringens food poisoning (16) . It is often difficult to distinguish C. perfringens food poisoning without laboratory evidence. Bacteriological examinations are usually employed to diagnose this food poisoning. Since up to 95% of normal adults have C. perfringens in their fecal flora (1), isolation of the organism without epidemiological or other support is not sufficient for diagnosis.
Currently, it is desirable to develop a more rapid and convenient method for diagnosis of C. perfringens food poisoning. Several methods for the specific detection of C. perfringens enterotoxin have been reported (13, 14, 21) , but none has yet been extensively used for the investigation of food-borne disease outbreaks. This is at least partially due to the inconvenience of these assays for large-scale application. Additionally, some assays are unsatisfactory for investigations of food-borne disease, owing to interference by fecal material (13, 17) .
ELISA procedures are rapid, specific, and sensitive serological assays which have been used for the detection of several bacterial toxins (8) (9) (10) . During the preparation of our report, Olsvik et al. described an indirect ELISA for the detection of C. perfringens enterotoxin (15 In our current study, the indirect ELISA could easily detect 2.5 ng (25 ng/ml) of purified enterotoxin, whereas the rapid sandwich ELISA procedure was sensitive to 100 pg (1 ng/ml) of purified enterotoxin. By comparison, the highly sensitive sandwich ELISA procedure of Olsvik et al. (15) was approximately 10-fold more sensitive (0.1 ng/ml) for the detection of purified enterotoxin. Apparently there is some trade-off in assay sensitivity when our rapid procedure is used.
Our sandwich ELISA procedure easily detected 0.5 ,ug of enterotoxin per g of feces (50 nglml) in prepared fecal extracts. The presence of fecal material apparently inhibits the sensitivity of our sandwich ELISA ( Fig. 2 ; Table 1 ). However, since the detectable amount of enterotoxin in fecal samples from C. perfringens food poisoning cases is reported to be approximately 0.5 to 16 ,ug/g of feces (by counterimmunoelectrophoresis, electroimmunodiffusion, and reversed passive hemagglutination) (17, 18) , the sandwich ELISA described in our report should be sufficiently sensitive (minimum sensitivity, 0.5 ,Lg/g offices) to be useful for the rapid detection of enterotoxin in feces. Table 2 indicates that the sandwich ELISA specifically differentiated enterotoxin-positive from enterotoxin-negative C. perfringens strains and that Duncan-Strong medium does not interfere with the sandwich ELISA, demonstrating that the indirect ELISA is useful for the examination of supernatants of C. perfringens cultures. Very weakly positive ELISA results for supernatants from some enterotoxinnegative strains could indicate very low levels ofenterotoxin production, serological cross-reactivity with small quantities of contaminating spore coat protein (4) , or possibly the presence of trace contaminants in the purified enterotoxin.
In summary, we report indirect and sandwich ELISA procedures for the rapid detection of C. perfringens enterotoxin. The present study confirms the earlier ELISA work of Olsvik et al. (15) in regard to the suitability of ELISAs for the detection of enterotoxin in buffers, feces, or culture supernatants. Furthermore, our procedures offer a considerable savings in assay time over the methods of Olsvik et al. (15) . Although the method of Olsvik et al. is about 10-fold more sensitive, our rapid sandwich ELISA procedure retains sufficient sensitivity for nearly all anticipated uses, including rapid enterotoxin detection from fecal material or culture supernatants.
